Kidney pericytes are progenitors of scar-forming interstitial myofibroblasts that appear after injury. The function of kidney pericytes as microvascular cells and how these cells detach from peritubular capillaries and migrate to the interstitial space, however, are poorly understood. Here, we used an unbiased approach to identify genes in kidney pericytes relevant to detachment and differentiation in response to injury in vivo, with a particular focus on genes regulating proteolytic activity and angiogenesis. Kidney pericytes rapidly activated expression of a disintegrin and metalloprotease with thrombospondin motifs-1 (ADAMTS1) and downregulated its inhibitor, tissue inhibitor of metalloproteinase 3 (TIMP3) in response to injury. Similarly to brain pericytes, kidney pericytes bound to and stabilized capillary tube networks in three-dimensional gels and inhibited metalloproteolytic activity and angiogenic signaling in endothelial cells. In contrast, myofibroblasts did not have these vascular stabilizing functions despite their derivation from kidney pericytes. Pericyte-derived TIMP3 stabilized and ADAMTS1 destabilized the capillary tubular networks. Furthermore, mice deficient in Timp3 had a spontaneous microvascular phenotype in the kidney resulting from overactivated pericytes and were more susceptible to injury-stimulated microvascular rarefaction with an exuberant fibrotic response. Taken together, these data support functions for kidney pericytes in microvascular stability, highlight central roles for regulators of extracellular proteolytic activity in capillary homoeostasis, and identify ADAMTS1 as a marker of activation of kidney pericytes.
Recent studies have identified pericytes of the peritubular capillaries of the kidney as a major precursor population of scar-forming myofibroblasts, 1,2 and studies from embryonic development and cancer growth demonstrate vital angiogenic and vascular stabilizing functions for pericytes. 3, 4 Prompted by these studies, we sought to understand the role of kidney pericytes in homeostasis and the molecular mechanisms regulating pericyte attachment to capillaries in the kidney and detachment and migration from capillaries in response to injury.
Pericytes are mesenchyme-derived mural cells of capillaries that have processes embedded within capillary basement membrane and they may play a direct role in conjunction with endothelial cells (ECs) to stimulate vascular basement membrane matrix assembly. 5, 6 Each tissue bed has pericytes derived from organ-specified mesenchyme, 7 and thus there are likely to be organ-specific differences in pericyte functions that are poorly understood. The direct interaction of pericyte processes with endothelium is believed to be the location of cell: cell signaling. 5 Pericytes of the kidney derive during embryogenesis from a layer of embryonic cap metanephric mesenchyme lying outside of the mesenchyme that specifies epithelium. This mesenchyme activates the forkhead transcription factor Foxd1, specifically during embryonic specification. 8 In normal adult kidney, pericytes are Foxd1-derived, PDGF receptor b (PDGFRb+), CD73+, Coll1a1+, CD45-, a smooth muscle actin (aSMA-) cells. 2, 9 During angiogenesis in other organs, heparan sulfatetethered PDGF-BB released by tip ECs is thought to signal via PDGFRb to promote pericyte migration along the forming capillary and stable attachment to endothelial cells. 10 However, signaling via pericyte PDGFRb in formed kidney vessels, in response to microvascular injury, stimulates pericyte detachment, migration, and differentiation into myofibroblasts. 9, 11 Similarly, vascular endothelial growth factor A (VEGFA) signaling from pericytes to angioblasts in organ development is important in successful angiogenesis; however, in response to injury, expression of alternate VEGFA splice variant by kidney pericytes stimulates pericyte detachment and differentiation into myofibroblasts. 9, 12 Therefore, it is likely that multiple signaling pathways and extracellular interactions that are poorly explored are important in determining pericyte attachment, migration, and activation.
The kidney is particularly susceptible to ischemic and toxic injuries, due in part to the concentrating functions of the nephron and to its unusual vasculature. The kidney vasculature comprises a primary capillary network in the glomeruli specialized for filtration followed by a secondary capillary plexus that supplies the remainder of the kidney, resorbs solutes, and uptakes water being returned to the circulation. The specialized functions of this secondary capillary plexus, peritubular capillaries (PTCs), are facilitated by its low oxygen tension, with low flow. Moreover, the secondary plexus is at the vagaries of the glomerular plexus. Because the kidney cortex and medulla perform complex transport functions, they have significant oxygen and nutrient demands. Hence, the kidney is susceptible to ischemia if PTC flow/supply is insufficient. Subtle kidney ischemia due to loss of PTCs is widely believed to be a major cause of essential hypertension and a major driving force in the progression of CKD and in the failure of AKI to resolve. [13] [14] [15] Previous studies, particularly in cancer growth and wound repair, have implicated proteinase-mediated degradation of the capillary basement membrane and surrounding extracellular matrix as critical for vascular instability and vascular regression (rarefaction). 16, 17 Moreover, proteinases and factors that regulate their activity are now recognized to serve as key regulators of cell migration and spreading in cancer biology and development, model systems that may be instructive in studying kidney injury. [18] [19] [20] In this study, we investigated the role of kidney pericytes in vascular stabilization and the central role that pericytes play in regulating protease activity of the vasculature.
RESULTS

Microarray Analyses of Pericytes in Early Injury Responses in Kidney Identify Enriched Pathways and Regulated Genes
To explore mechanisms that orchestrate attachment and detachment of pericytes, we used an unbiased approach to identify regulated genes and activated pathways. Most biologic processes entail coordinated interaction among functionally coherent groups of genes known as modules. 21 We postulated that pericyte differentiation is characterized by the temporal activation of distinct biologic modules and that key regulators of this process reside within these coherent pathways. We purified pericytes from normal Coll-GFP kidneys (day 0) by flow cytometry and at early time points after onset of injury (day 2 and day 7) in the murine unilateral ureteral obstruction (UUO) model in which pericyte detachment is well defined, using well established methods of cell purification 1, [22] [23] [24] (Supplemental Figure 1) and assessed their transcriptome by microarray analysis. The Coll-GFP reporter mouse used in this disease model specifically labels pericytes and myofibroblasts, and there are no significant fibrocytes contaminating the collection (Supplemental Figure 1) . 1, [22] [23] [24] In addition to pericytes, small numbers of perivascular fibroblasts are collected because they also express Coll-GFP, but these represent ,5% of all cells expressing GFP under regulation of the collagen1a1 promoter (Coll-GFP+ cells) in normal kidney. 1 Principal component analysis of the transcriptomes revealed grouping of biologic replicates that corresponded to the time of injury, implying global perturbations in temporal gene expression as pericytes detach and differentiate into myofibroblasts (Supplemental Figure 2A) . More than 800 genes were differentially expressed when control pericytes (day 0) were compared with postinjury myofibroblasts (days 2 and 7) (Supplemental Figure 2B and Supplemental Table 1 ). To elucidate the temporal patterns of gene expression and pathway activation in response to injury, we implemented a clustering algorithm optimized for analysis of short time series 25 and identified two highly significant gene clusters-each mapping to very distinct functional categories ( Figure 1 ). One cluster corresponded to upregulated genes and was highly enriched in processes involved in matrix production, cell proliferation, migration, innate immune responses, and chemotaxis. In addition, genes mapping to angiogenesis and vascular development were members of this upregulated group. The second cluster was composed of genes downregulated during injury, and was functionally enriched in processes involved in mitochondrial function, redox status, and metabolism. A small number of genes regulating extracellular matrix production and angiogenesis were also downregulated. A disintegrin and metalloproteinase with thrombospondin motif-1 (ADAMTS1) was highly significantly upregulated early after injury onset and among the 15 most upregulated genes early after injury in pericytes ( Figure 1 and Supplemental Figure 2C ). Moreover, it was a strong candidate effector molecule in regulating detachment and migration. ADAMTS1 has been reported to cleave capillary basement membrane proteins and inhibit angiogenesis and therefore may reasonably facilitate pericyte detachment. 26, 27 Tissue inhibitor of matrix metalloproteinase 3 (TIMP3), an endogenous inhibitor of ADAMTS1, is highly expressed at baseline in pericytes 28 but is significantly downregulated as disease progresses ( Figure 1 and Supplemental Figure 2C ). TIMP3 has been demonstrated or implicated in silencing the activity of metalloproteinases including ADAM17 and some matrix metalloproteinases (MMPs) such as MMP14, and has been reported to regulate vasculogenesis and angiogenesis and to promote tissue regeneration after injury in the lung. [29] [30] [31] Thus, the downregulation of TIMP3 as pericytes transition to myofibroblasts in vivo may have important consequences for the kidney microvasculature. Given the marked regulation of these two functionally related genes and candidacy as regulators of pericyte function in response to injury, we aimed to study their function in kidney pericytes. Global analysis of kidney pericyte transcriptome in response to UUO injury. Temporal changes in gene expression map to two distinct clusters characterized by progressively increasing or decreasing patterns. In each graph, the dark gray line corresponds to the average change in gene expression in response to injury relative to baseline expression (day 0) and the light gray lines identify the 90th and 10th percentiles of each group. The temporal expression patterns of two genes, Adamts1 and Timp3, are depicted with red lines. Gene members of each cluster underwent functional analysis based on Gene Ontology database annotations. Enriched functional categories among upregulated and downregulated genes are shown using color-coded bars corresponding to enrichment P values with the most highly significant shown in red and the least significant shown in dark blue.
Kidney Pericytes Prevent Capillary Tubular Network Collapse
To study pericyte function, we generated primary pure cultures by magnetic bead immunoaffinity from mouse kidneys. Primary mouse pericytes expressed typical pericyte markers ( Figure 2 , A and B) and morphology, which share characteristics with bone marrow mesenchymal stromal cells and lacked epithelial, endothelial, and leukocyte markers and lacked the podocyte markers WT1 and synaptopodin. 32, 33 Compared with primary cultures of myofibroblasts, pericytes expressed more angiogenic factors including Angiopoietin-1 (Angpt1) and Angiopoietin-2 (Angpt2), fewer Collagen1a1, and intermediate filament transcripts.
One of the defining features of pericytes is their ability to bind to and stabilize capillaries. 12, [34] [35] [36] We tested their capacity to stabilize a capillary tubular network formed by three-dimensional (3D) EC culture. Human ECs spontaneously form a capillary tube network in collagen gel ( Figure 3 , A-C). The capillary tube network can be destabilized and undergoes regression in the presence of coagulation proteases, which function by a number of mechanisms including activation of endothelial matrix metalloproteinases. 37, 38 Because the lumina of the forming capillary tubes do not contain any collagen gel, tube regression can be visualized by gel retraction (collapse) ( Figure 3D ). In 3D co-culture, mouse kidney pericytes bind to EC capillary tubes ( Figure 3E and Supplemental Movie 1). Moreover, the cells have long processes that form invaginations on the tube abluminal surface similar to the peg and socket processes seen by electron microscopy. 9, 39 When EC capillary tubes were exposed to the serine proteinase kallikrein (KLK), both capillary tube regression and gel collapse were stimulated in a time-and concentrationdependent manner ( Figure 3F ). In the absence of KLK, EC capillary tubes did not regress. When kidney pericytes were added to the gel in a 10%/20% ratio (1 PC for every 10 ECs/2 PCs for every 10 ECs), the collapse of the gel in the presence of KLK was retarded ( Figure 3G ). When 30% (3 PCs for every 10 ECs) kidney pericytes were co-cultured, vascular regression was completely prevented and the gel did not collapse ( Figure 3G ). Similar observations were made when human vascular brain pericytes were substituted for kidney pericytes ( Figure 3H) ; however, kidney myofibroblasts, which are derived in vivo from kidney pericytes, did not stabilize the capillary network ( Figure 3H ). Kidney pericytes suppressed the amount of active EC-derived MMP9 in the collagen gels as determined by gelatin zymography ( Figure 3I ), and suppressed activation (phosphorylation) at the ECrestricted vascular endothelial growth factor receptor 2 (VEGFR2) ( Figure 3J ) triggered by KLK. These observations indicate that kidney pericytes and brain pericytes have similar capacity to stabilize capillary tubes, and that pericytes lose vascular stabilizing functions when they differentiate into myofibroblasts.
TIMP3 and ADAMTS1 Are Regulated during Kidney Pericyte Detachment In Vivo
The microarray studies (Figure 1 ) indicated that Timp3 transcripts were highly expressed in kidney pericytes and downregulated in response to kidney injury. By contrast, among a number of metalloproteinases that were regulated in pericytes in response to injury (Table 1) , Adamts1 transcripts were highly regulated early and most markedly. We postulated that the dynamic regulation of these kidney pericyte genes served as important determinants of the detachment of pericytes and vascular instability that occurs in response to kidney injury. 1, 9, 40 To validate the microarray findings, we performed in situ hybridization and immunofluorescence studies to localize gene expression (Figure 4, A and B) . Timp3 transcripts were readily seen in kidney pericytes of normal adult mouse kidney. Timp3 transcripts were detectable at day 2 after kidney injury onset in the interstitium. At day 7 after injury onset, the interstitium in which myofibroblasts are located was almost devoid of signal for Timp3 ( Figure 4A ). Timp3 expression was seen in some injured epithelium and also localized to podocytes, but not mesangium in the glomerulus ( Figure 4A ). Coll-GFP+ cells were purified from normal kidneys (pericytes) or kidneys day 7 after disease (myofibroblasts). Timp3 transcripts were downregulated in Coll-GFP+-purified myofibroblasts compared with Coll-GFP+ pericytes purified from normal kidneys ( Figure 4C ). Consistent with these observations, primary cultures of kidney pericytes generated higher levels of TIMP3 protein compared with primary cultures of myofibroblasts ( Figure 4D ). By contrast, in situ hybridization of normal adult kidney did not detect any transcripts for Adamts1 ( Figure  4A ). However, by day 2 after kidney injury, Adamts1 was readily detected both interstitial cells and epithelial cells, and it was seen in epithelium and to a lesser extent in interstitial cells on day 7 ( Figure 4A ). Immunostaining of kidney tissues with antibodies against ADAMTS1 revealed a similar pattern ( Figure 4B ) with expression in the vast majority (83%65.6%) of Coll-GFP+ cells at day 2 after injury onset and 96%66.1% after day 7. ADAMTS1 protein was also clearly detected in epithelial cells, predominantly at the apical surface in the region of the brush border. As expected, when kidney pericytes or myofibroblasts were purified from normal or diseased (day 2) kidneys, respectively, Adamts1 transcripts were highly upregulated ( Figure 4E ) in the myofibroblasts. In keeping with this observation, primary cultures of pericytes expressed much lower levels of Adamts1 transcript compared with primary myofibroblasts ( Figure 4F ). To determine the relationship between Timp3 transcripts and protein, immunoblots of whole kidney lysates confirmed the downregulation of TIMP3 protein levels in mouse kidney in response to disease (day 2) and cultured myofibroblasts expressed lower levels of TIMP3 protein compared with pericytes ( Figure 4G ).
ADAMTS1 Destabilizes and TIMP3 Stabilizes Capillary Tubular Networks
TIMP3 has multiple biologic activities that may contribute to vascular stability. Foremost, it inhibits activity of a number of metalloproteinases including ADAMTS1 and endothelial MMPs. In addition, in high concentrations, it may regulate signaling directly at endothelial VEGFR2. 28, 29, 41 To explore the role of TIMP3 in vascular integrity further, we applied recombinant TIMP3 to the capillary tube regression assay. In lower concentrations, TIMP3 retarded capillary tube regression; however, at higher concentrations, it completely blocked capillary tube regression ( Figure 5, A and B) . Thus, TIMP3 can completely replace pericyte function ( Figure 3 ) in this assay. By contrast, application of recombinant ADAMTS1 to the vascular assay in the absence of pericytes weakly accelerated capillary tube regression in the presence of KLK ( Figure 5C ), but did not trigger regression (not shown). Much more strikingly, however, is the finding that kidney pericytes were no longer able to stabilize capillary tubes in the capillary tube regression assay in the presence of recombinant ADAMTS1 ( Figure 5D ). These findings indicate that ADAMTS1 was sufficient to overcome the vascular stabilizing functions of pericytes ( Figure 5D ). To test specifically whether TIMP3 in pericytes stabilizes capillary tubes, TIMP3 protein expression was silenced using specific small interfering RNA (siRNA) ( Figure 5E ). Using sequential silencing methods, a .70% reduction in protein level was achieved in pericytes. Whereas pericytes with control gene silencing completely stabilized capillary tubes, pericytes with TIMP3 silencing showed a nonsignificant, weakly impaired capacity to stabilize capillary tubes during KLK-mediated regression ( Figure 5F ), in keeping with pericyte-derived TIMP3 playing a direct role in vascular stability.
TIMP3 Mutant Mice Have a Kidney Microvascular Phenotype
Our findings suggested that TIMP3 may play a role in vivo in regulating vascular stability in the kidney and perhaps more broadly in pericyte function. Timp3-deficient mice survive into adult life but have been noted to have microvascular defects in the retina and in cancer growth, and also fail to resolve lung inflammation after injury. Furthermore, recent reports suggest that Timp3-deficient mice have kidney fibrosis. 31, 42, 43 We therefore investigated the microvasculature of normal Timp3 2/2 kidneys, the response of the kidney microvasculature to acute ischemia reperfusion injury (IRI), and the function of pericytes in these vascular responses. Adult Timp3 2/2 mice were smaller than littermate controls but had normal renal function and no albuminuria ( Table 2 ). The microvascular density of kidney PTCs of adult mice, assessed by two different methods, was increased with areas of abnormal capillaries ( Figure 6 , A and E and Supplemental Figure 3 ) and a greater number of PTC ECs were in the cell cycle ( Figure 6F ). There were discrete expansions of Pdgfrb+, CD73+, aSMA2 microvascular pericytes in PTC areas and also aSMA+ myofibroblasts in the Timp3 2/2 kidneys ( Figure 6B ) not seen in Timp3 +/+ kidneys. Small increases of interstitial fibrillar collagen deposition were detected in normal Timp3 2/2 adult kidneys ( Figure 6 , C, H, and I), confirming previous reports. 42 Furthermore, unlike pericytes of wild-type normal kidneys, pericytes of Timp3 2/2 normal kidneys expressed ADAMTS1 (Figure 6 , D, J, and L). In addition to the interstitial changes, there were mild changes to glomeruli of Timp3 2/2 normal kidneys comprising mild mesangial hypercellularity and matrix expansion (not shown). Given that the major site of expression of Timp3 in the kidney is the pericyte, these findings collectively suggest that Timp3 2/2 pericytes in vivo are more activated.
To determine whether Timp3 2/2 pericytes were intrinsically overactivated as opposed to activated in response to vascular changes, we studied primary cultures of pericytes in proliferation and migration assays ( Figure 6M ) and expression of aSMA. Timp3 2/2 pericytes showed enhanced aSMA expression, increased proliferation, and enhanced motility, in keeping with an overactivated phenotype. Enhanced migration by Timp3 2/2 pericytes was cell specific because cultured Timp3 2/2 macrophages migrated normally (not shown).
To test the effect of injury responses in the microvasculature, we used a mild kidney IRI model that has a well recognized microvascular injury, rarefaction, followed by incomplete angiogenesis. 9, 40, 44 We observed that ischemic injury resulted in a greater rarefaction of the vasculature in Timp3 2/2 kidneys compared with wild-type kidneys in this model ( Figure 6 , A and E), and IRI stimulated more ECs into the cell cycle in Timp3 2/2 kidneys ( Figure 6F ). In concert with this observation, there was excessive expansion of pericyte/myofibroblast population (Figure 6 , B, G, H, and K) after IRI. Using the aSMA marker to define pericyte transition to myofibroblasts, there was increased expansion of these myofibroblasts, excessive expression of aSMA in response to injury, and increased interstitial fibrosis in Timp3 2/2 kidneys compared with Timp3 kidneys, as detected by Evans blue dye assay ( Figure 6 , N and O) and this leak extended to vascular beds outside of the kidney, suggesting that generalized microvascular injury responses in these mice results in persistent increase in microvascular permeability. The enhanced microvascular leak suggests that pericyte functions were more compromised in Timp3 2/2 mice compared with Timp3 +/+ mice after vascular injury. Consistent with this compromised pericyte function, phosphorylated VEGFR2 was increased in the injured Timp3 2/2 kidneys compared with injured Timp3 +/+ kidneys indicative of destabilized microvasculature surrounded by overactivated pericytes ( Figure 6P ). 9, 12 Because these studies indicated that the injury responses in Timp3 2/2 kidneys resulted in deleterious microvascular responses, we tested whether acute IRI resulted in greater functional deficiency. Twenty four hours after 21 minutes of kidney IRI, Timp3 2/2 mice (n=6) had plasma creatinine levels of 0.4961.2 mg/dl, whereas Timp3 1/1 mice (n=6) had plasma creatinine levels of 0.3160.03 mg/dl (P=0.06). Mice exposed to sham surgery had creatinine levels of 0.1760.03 and 0.1560.02 mg/dl, respectively.
DISCUSSION
These studies describe novel vascular stabilizing functions for kidney pericytes, and identify genes involved in regulation of pericyte detachment and activation. Specifically, they identify the protease regulator TIMP3 and one of its targets, ADAMTS1, as highly regulated kidney pericyte genes that play roles in microvascular stability of the peritubular capillaries. Moreover, ADAMTS1 expression is a marker of activated pericytes.
Tissue ischemia is increasingly believed to be a central problem in failure to regenerate the kidney normally after injury, a driving force for progressive organ dysfunction after injury, and a cause for hypertension and possibly cardiovascular disease. 45 Central to kidney tissue ischemia is loss of the microvasculature, which is also known as capillary rarefaction. The recent identification of a relatively large population of pericytes in the cortex and medulla of normal kidney and the observation that they detach from capillaries in response to injury, migrate into the interstitial space, and transition to scar-forming myofibroblasts have raised the possibility that chronic diseases in the kidney are a state of functional pericyte deficiency. Studies have suggested that injury of the kidney is a state of vascular instability that can easily lead to rarefaction despite endothelial proliferation and that factors that prevent pericyte detachment can prevent this instability. 9, 11 The fact that the findings presented here reveal kidney pericytes to have a similar capacity to pericytes from other organs to prevent microvascular instability ex vivo strongly suggests that interventions that will promote pericyte attachment in the kidney will lead to preservation of capillaries. In keeping with the hypothesis that chronic diseases have functional pericyte deficiency due to pericyte transition to myofibroblasts, kidney myofibroblasts were unable to stabilize vessels in the capillary tube assay.
The microarray analysis indicated that there is a marked phenotypic change in pericytes when they become myofibroblasts. The analysis we performed was based on collecting cells that express Coll-GFP. We previously characterized these cells in the kidney and showed that they are pericytes. We identified very few circulating fibrocytes (leukocytes that produce collagen matrix) in this kidney injury model and our purification method excludes all leukocytes. 1,2,9, 39 We previously identified perivascular fibroblasts around arterioles of the kidney that also express Coll-GFP and expand to become myofibroblasts. These cells were also purified along with pericytes because there is currently no marker described to distinguish them. Although the microarray analysis requires validation due to potential contamination from other kidney cells that may have been inadvertently collected during the flow cytometric sorting procedure, it is striking that activated pericytes are involved in innate immune responses, chemotaxis, and represent a major source of cytokines. This is highly relevant because recent studies that target the pericyte directly by blocking PDGFRb or PDGFRa signaling in the kidney not only attenuate fibrosis and capillary rarefaction but also markedly attenuate the inflammatory response. 11 Therefore, it is likely that activated pericytes are a major contributing cell to the inflammatory response. Further studies are required to understand whether this response can be specifically targeted in the kidney.
Our microarray studies identified Timp3 as a pericyte factor that is lost during pericyte transition to myofibroblasts, and our in vitro and in vivo studies showed TIMP3 to function as a molecular factor promoting microvascular stability. Although TIMP3 is an inhibitor of metalloproteinases, it is also a pleiotropic, extracellular matrix-anchored molecule that is able to inhibit a number of enzymes that breakdown capillary basement membrane, including ADAMTS1, and other matrix components. In addition, TIMP3 is able to specifically inhibit signaling at the endothelial receptor VEGFR2, initiated by all VEGFA isoforms. Interestingly, TIMP2 is also capable of inhibiting VEGFR2 signaling in a manner independent of its proteinase inhibitor activity, and previous work demonstrated a role for both pericyte-derived TIMP3 and EC-derived TIMP2 in capillary tube stabilization. 16 In recent studies, we identified excessive signaling in response to injury at VEGFR2, particularly in response to dysangiogenic VEGFA isoforms, released by activated pericytes/myofibroblasts in the kidney, as a major factor in microvascular instability. 9, 11 Therefore, "dialing down" the degree of signaling at this receptor may be desirable. Our studies in vitro and in vivo indicate that kidney pericytes and TIMP3 function to limit endothelial VEGFR2 signaling potentially by both direct and indirect mechanisms. Timp3 mutation in humans is associated with retinal microvascular disease and Timp3-deficient mice exhibit increased dysangiogenesis (increased angiogenesis with leaky, poorly functioning vessels) in growth of some tumors and increased angiogenesis in growth of others. 29, [46] [47] [48] [49] Consistent with these findings, we identified dysangiogenesis in the kidney after injury when Timp3 was mutated, particularly in response to microvascular injury, and showed that pericytes are more activated and exhibit excessive migration and proliferation. Although further studies are required, measurement of plasma creatinine in acute injury of Timp3-deficient kidneys suggests that TIMP3 may serve to protect kidneys from acute injury, as we previously showed for the lung. 31 Further studies are required to understand whether TIMP3 regulates pericyte properties through regulating MMPs or through regulating cleavage of other factors such as semaphorins. 29 The finding that TIMP3 can mimic pericytes in vascular stabilization in vitro but that TIMP3 silencing had a weak effect on pericyte function in vascular stabilization in vitro was surprising but may be instructive. Timp3-deficient mice are born healthy and have a subtle microvascular phenotype only. Therefore, it may not be surprising that only a modest defect was seen in the short vascular stabilization assay. These findings also indicate that pericytes rely on factors other than TIMP3 to stabilize capillary tubes. These other factors are currently unknown. In the capillary tube stabilization assay, pericytes inhibit MMP production primarily from ECs, but the signal that mediates this inhibition is unknown. Although TIMP3 may be a factor in this regulation, other factors must be contributing. TIMP3-deficient pericytes have a number of functional abnormalities, including enhanced migration proliferation and activated phenotype as judged by aSMA expression and ADAMTS1 expression. It is unclear how TIMP3 regulates all of these processes, but these studies suggest that TIMP3 must be able to affect transcription by either direct or indirect means.
Although a number of metalloproteinases including ADAMTS2 and MMP11 are activated in the microvasculature in response to injury, Adamts1 was most remarkably regulated in pericytes of the kidney. ADAMTS1, like TIMP3, is highly tethered to the extracellular matrix and acts locally. We identified ADAMTS1 regulation in epithelial cells, as well as pericytes, in the kidney. ADAMTS1 expression in kidney development was previously reported. 44, 50 Because ADAMTS1 acts locally, the significance of epithelial expression of ADAMTS1, particularly, at the brush border proximal tubule, is unclear. However, it is likely that pericyte expression of ADAMTS1 early after injury exerts activity at the pericyte-endothelial interface. ADAMTS1 has been reported to cleave capillary basement membrane components, including aggrecan and versican; to play an anti-angiogenic role in both in vivo and in vitro angiogenesis assays; and to regulate migratory capacity of a number of cells through cleavage of a number of substrates, including syndecans and semaphorins. It is therefore a protease that may mediate detachment of pericytes. Moreover, it selectively binds to and sequesters VEGFA164 but not dysangiogenic VEGFA isomers. 51 We recently showed that when pericytes detach from capillaries in the kidney, they switch from VEGF164 to VEGF120 and VEGF188 production. The latter two VEGFA forms contribute to unstable angiogenesis. Therefore, it is likely that ADAMTS1 also promotes unstable angiogenesis by regulating VEGFR2-mediated signaling. In keeping with this, Timp3-deficient mice show overexpression of ADAMTS1 in pericytes, have increased but dysfunctional vascularity under physiologic conditions, and have increased vessel rarefaction after injury compared with littermate controls. Our studies predict therefore that ADAMTS1 blockade would beneficially affect the kidney by limiting pericyte detachment after injury, promoting vessel stability, and reducing interstitial fibrosis. Adamts1 mutant mice have microvascular defects as well as a severe kidney developmental phenotype resembling hydroureter. 52, 53 The severe hydroureter phenotype renders them unsuitable for study of pericyte function in response to injury. One possible explanation for the developmental kidney phenotype is impaired migration of kidney stroma during nephrogenesis leading to impaired nephron lengthening and papilla formation. 53 Further studies will be required to determine whether Adamts1 is a targetable gene in kidney injury to prevent pericyte detachment.
In summary, kidney pericytes stabilize capillaries ex vivo and detach from capillaries in interstitial disease, and pericyte factors TIMP3 and ADAMTS1 are key regulators of these pericyte functions in vivo.
CONCISE METHODS
Materials
All reagents were from Sigma Aldrich, all plastic ware was from BD Falcon, and all media were from Cellgro unless otherwise stated.
Animals
Coll1a1-GFP (Coll-GFP) transgenic mice were generated and validated as previously described on the C57BL6 background. 1,9,23 Timp3 2/2 gene-targeted homozygous mice and littermate controls were generated as previously described 31, 43 and maintained on the C57BL6 background.
Animal Models of Kidney Injury
UUO and unilateral and bilateral kidney IRI models were performed in adult mice (aged 10-12 weeks) as previously described. 1, 22, 23 The ischemic time was 21 minutes. In some experiments, BrdU (50 mg/g) or Evans blue dye (1%) was injected intraperitoneally or intravenously, respectively, 1 hour before euthanasia. All animal experiments were performed under protocols approved by the Animal Resources and Comparative Medicine Committee of Harvard University and the Department of Comparative Medicine at the University of Washington.
Pericyte or Myofibroblast Isolation from Kidney
For pericyte isolation from normal kidney of C57BL6 WT or Coll-GFP mice, the kidney was decapsulated, diced, and then incubated at 37°C for 30 minutes with Liberase (0.5 mg/ml; Roche) and DNase (100 U/ml; Roche) in DMEM/F12. Digestion was curtailed by the addition of 10% FCS to the single cell suspension. The suspension was filtered (40 mm) several times, centrifuged (3003g, 5 minutes), and resuspended in MACS (Miltenyi Biotech, Bergisch Gladbach, Germany) buffer or 1% BSA buffer containing EDTA. In some experiments, cells were incubated with anti-rabbit Pdgfrb polyclonal antibodies generated against a segment of the full-length receptor 54 (800 ng per kidney on ice) for 15 minutes. After washing, cells were incubated with goat anti-rabbit IgG microbeads (Miltenyi Biotech) (15 minutes at 4°C) and resuspended and positive selection was performed by MACS magnetic bead separation. Selected cells were resuspended in RLT buffer (Qiagen) or cultured in DMEM/F12 with 10% FBS and 1% penicillin/streptomycin and 1% ITS, in six-well plates precoated with gelatin. Primary cultured cells used in all experiments were between passages 2 and 5. For other purposes, RNA was isolated using the RNeasy Mini Kit (Qiagen). To note, this purification does not distinguish pericytes from perivascular fibroblasts. In other experiments, single cells from Coll-GFP mice were separated by green fluorescent protein fluorescence by FACS Aria cell sorting, directly into RLT buffer for RNA analysis or into medium (cell culture). In these experiments, kidney single cell suspensions were also incubated with anti-CD45-APC, anti-CD31-PE, anti-F4/80-APC,or anti-Tim1 antibodies (eBioscience) as described 1, [22] [23] [24] to exclude these cell populations from contaminating the Coll-GFP cells. To purify kidney myofibroblasts, single cell preparation and purification were achieved as described above but kidneys from day 2 or day 7 after UUO were used.
Cell Culture
Human umbilical cord ECs (HUVECs) (American Type Culture Collection) were used from P3 to P6 and grown with endothelial cell basal medium (American Type Culture Collection) including one Endothelial Cell Growth Kit BBE (American Type Culture Collection) per 500 ml medium. Human brain pericytes (ScienCell) were cultured in DMEM (Cellgro) containing 10% FCS (Invitrogen) and used from P3 to P6. Primary mouse kidney pericytes (see below) were cultured on 0.1% gelatin-coated T75 flasks (BD Falcon) or six-well plates (BD Falcon) and used from P2 to P5. Mouse kidney-derived myofibroblasts were established as previously described 1, 9 and were maintained under the same conditions as pericyte cultures and used from P3 to P7.
Three-Dimensional Vascular Tube Regression Assay
ECs were placed in 3D vascular tube regression assays following a modified protocol of Saunders et al. 30, 37 HUVECs (10 6 cells/ml) were suspended in 3.75 mg/ml of rat tail collagen type I (4°C) (Invitrogen), transferred to a 37°C incubator in which polymerization occurred, and were allowed to form 3D networks in the presence of VEGF165 (40 ng/ml) and FGF2 (40 ng/ml) (Peprotech), 38 in 384-well plates or 96-well 1/2 plates. For quantitative analysis of gel contraction, 15 ml of ECs alone or ECs and varying amounts of primary kidney PCs (as indicated) in collagen matrix were placed in 384-well plates (BD Falcon) (n.10/condition). Addition of medium with or without human plasma KLK (Enzyme Research Laboratories) denoted the starting point of the assay. Cultures were monitored every 4 hours for gel contraction. Upon initiation of gel contraction, the regressed area was quantified using an ocular grid. In every experiment, at least one condition (n=5-10) with HUVECs in collagen matrix without the addition of KLK was used as an internal control. In some experiments, recombinant mouse Adamts1 or recombinant human TIMP3 (R&D Systems) was applied to the media. For experiments in which rmAdamts1 was applied, HUVECs were allowed to form tubes for 24 hours before addition of KLK and recombinant protein. Toluidine blue staining of gels was performed as described previously. 30 Conditioned media or whole gels were collected to examine differential protein expression at various time points and were analyzed by SDS-PAGE gels and Western blotting or zymography.
Pericyte Migration and Proliferation Assays
Forty-eight-well plates (BD Falcon) were coated with 0.1% gelatin for 2 hours at 37°C. Cells were seeded with the same density of cells per well and incubated with DMEM/F12 10% FCS until confluent. A scratch "wound" was performed using a 200-ml pipet tip, wells were washed twice with PBS, and DMEM/F12 with 2% FCS was applied. At pre-fixed points along the scratches, photomicrographs were performed at 0 hours and 12 hours after initialization of the wound. Migration of cells and quantification of the wound area and its closure after 12 hours were analyzed using ImageJ software. To quantify proliferation, 10 5 Timp3 2/2 and Timp3 +/+ pericytes were seeded onto gelatin-coated glass 1.5-cm diameter cover slips (n=9 cover slips/group). BrdU (Sigma) (10 mM/ml) was applied to the medium and incubated for 3 hours. Cells were fixed in acid ethanol, washed, and incubated with 2M HCL, then 0.1M sodium borate, and then 0.2% Triton in 3% BSA. After additional washing, cells were incubated with an anti-BrdU FITC antibody (1:200; eBioscience) in 3% BSA and mounted with Vectashield and 4',6-diamidino-2-phenylindole (DAPI) (Vector Laboratories), and BrdU+ nuclei were quantified in 15 random fields per coverslip.
Gene Silencing in Primary Kidney Pericytes with siRNA siRNA for Timp3 and control siRNA (Santa Cruz Biotechnology) were resuspended in universal buffer and stored (280°C, 10 mM). For efficient transfection of primary kidney pericytes, cells were washed, trypsinized, and harvested. A single cell suspension was generated and cells were distributed into a six-well plate with 200,000 cells/well. siRNA (final concentration of 100 nM/well) was resuspended in serumfree medium, vortexed, and incubated for 10 minutes at room temperature with HiPerfect Transfection Reagent (Qiagen). Medium containing siRNA was added dropwise to the wells and plates were swirled gently. Cells were incubated under normal conditions for 3 hours, followed by substitution of additional culture medium. After 48 hours, cells were analyzed for gene silencing. In experiments in which TIMP3 was silenced, cells were transfected again with siRNA as described above 48 hours after initial transfection to achieve higher levels of gene silencing from 72 to 96 hours.
Microarray Experiments
Kidney pericytes or kidney myofibroblasts were purified from 12-weekold adult kidneys of Coll-GFP mice that had no surgery (pericytes, day 0, n=2) or had undergone UUO surgery 2 days (n=2) or 7 days (n=1) previously (myofibroblasts) by generating single cell preparation and FACS sorting into RLT buffer as described in the section above. RNA was purified by the RNeasy method (Qiagen). The quality of RNA was tested by a Agilent Bioanalyzer and high-quality samples underwent RNA amplification by in vitro transcription methods at Harvard University Core Microarray Biotechnology Center. cRNA samples were hybridized to CodeLink mouse whole-genome microarrays using the manufacturer's protocols (Applied Microarrays) and scanned using Axon GenePix scanner (Molecular Devices). Image processing, background subtraction, and median-based normalization of probe set intensities were performed using CodeLink Expression Analysis Software (Applied Microarrays).
Microarray Data Analyses
Principal component analysis using the entire transcriptome of pericytes and myofibroblasts was performed based on the covariance matrix of normalized gene expression data 55 (Supplemental Figure  2A) . Temporal profiles of gene expression (day 0, day 2, and day 7) were produced using Short Time-series Expression Miner clusteringan algorithm developed for analyzing short time series microarray data. 25 Replicate gene expression values were averaged at day 0 and day 2. Highly significant clusters (P values ranging from 5.4310 28 to 5.9310 2199 ) were merged if they displayed similar patterns, resulting in two distinct temporal profiles (Figure 1 ). Functional analysis of the gene members of these two clusters was performed using the Database for Annotation, Visualization, and Integrated Discovery, a web-based program based on the Gene Ontology database. 56 To demonstrate differential gene expression between pericytes (day 0, no surgery) versus myofibroblasts (day 2 and day 7 after UUO surgery), we applied a Bayesian implementation of the parametric t test 57 and corrected for multiple comparisons using the Q value method. 58 A Q value ,0.01 was chosen for identifying significant differential expression, and genes meeting this cutoff underwent two-dimensional hierarchical clustering using Pearson's correlation (Supplemental Figure 2B and Supplemental Table 1 ). 55 
Quantitative Analyses
We used Western blot analysis to quantify protein concentrations in tissues. Total cellular protein extracted using radioimmunoprecipitation assay buffer containing Complete Mini Enzyme Inhibitor Cocktail (Roche Diagnostics) from whole tissue, cells, or supernatants or collagen gel from wells of the vascular stabilization assay. Equal protein amounts were subjected to SDS-PAGE and Western blotting using previously described methods. 59 The following primary antibodies were used to detect the specific protein: anti-TIMP3-C-terminus (rabbit 1:100; Millipore), anti-ADAMTS-1 (rabbit 1:100; Santa Cruz Biotechnology), anti-b-actin (goat 1:1000; Santa Cruz Biotechnology), and antiphospho-VEGFR2 and anti-PDGFRb (rabbit 1:1000). To measure MMP activity after regression in 3D cultures treated with KLK, we used a 10% gelatin zymogram ready gel (BioRad) and loaded supernatant of regressed gels for electrophoresis under nonreducing conditions. Protein amounts were normalized by the Bradford method. After electrophoresis, gels were washed twice in a 2.5% Triton X-100 including 0.02% NaN 3 buffer for 20 minutes, switched to an incubation buffer (50 mM Tris HCl pH 8.0, % mM CaCl 2 , 0.02% NaN 3 ) for 10 minutes and incubated in fresh incubation buffer at 37°C for 24 to 48 hours. After incubation, gels were fixed and stained in fresh Coomassie blue solution and destained in MeOH:AcOH:H 2 O (5:1:4) followed by 10% AcOH. Gels were scanned and MMP activity was measured by densitometry of destained areas. Total RNA was extracted using RNeasy Mini Kit. Purity was determined by the A260/A280 ratio. cDNAwas synthesized using Iscript (BioRad). Conventional and quantitative PCR was performed using previously described methods. 1 The specific primer pairs used for PCR are listed in Supplemental Table 2 .
In Situ Hybridization
Riboprobes were designed by linearization pCytoMegaloVirus sport6 vectors containing the specific cDNA for Timp3, Adamts1, or Ngf alpha (control) (Invitrogen) via restriction enzyme digestion. RNA probes were then generated using a DIG labeling kit (Roche) containing Sp6 or T7 polymerases to generate probes from the 39 end. Probe sizes were confirmed by RNA agarose gel electrophoresis and digoxigenin incorporation was determined by membrane spotting. Hybridizations were performed following methods adapted from in situ hybridization in kidney embryos. 60 In brief, paraformaldehyde (PFA) fixed kidney cryosections (8 mm) were used within 48 hours, postfixed, proteinase-K digested, postfixed again, acetylated, and then incubated with 750 ng/ml riboprobes at 68°C for 16 hours in hybridization buffer (ENZ-33808; Enzo Life Sciences). Sections were digested by RNase, and then washed again with solutions of increasing stringency. After incubation with anti-digoxigenin antibody (Roche) for 2 hours at room temperature, sections were washed and developed with nitro blue tetrazolium chloride (Roche) for up to 24 hours. Color reactions were stopped with fixation and sections were mounted with ProLong Gold (Invitrogen).
Tissue Preparation, Histology, and Analyses
Mouse kidneys were flushed with ice-cold PBS to remove blood, and were harvested and fixed with paraformaldehyde, L-lysine, periodate solution for 2 hours before cryopreservation for immunofluorescence studies or with 10% formalin solution for 12 to 16 hours for paraffin sections. 61 Mouse kidneys for in situ hybridization were fixed overnight with 4% PFA before cryopreservation. 60 Human kidney biopsies were either prepared for electron microscopy (EM) by standard methods 9 or fixed with paraformaldehyde, L-lysine, periodate solution for 1 hour, followed by cryopreservation. 61 Human or mouse cryosections (7 mm) for immune fluorescence studies were blocked in 10% normal serum and then incubated with primary antibody (2 hours at room temperature or 16 hours at 4°C) in blocking serum using the following primary antibodies for mouse kidneys: anti-ADAMTS1 (rabbit 1:100; Santa Cruz Biotechnology), anti-PDGFRb (rabbit 1:400 collaborator), anti-CD31 (rat 1:250; R&D Systems), and anti-aSMA-cy3 (mouse 1:250; Sigma Aldrich). Anti-mouse PDGFRb antibodies were generated and characterized as previously described. 54 The following antibodies were used for human kidneys: anti-CD34 (1:250 Ab30375; Abcam) (1:300; BD Biosciences), anti-PDGFRb (1:250; Cell Signaling), and anti-aSMA-Cy3 (mouse 1:250; Sigma Aldrich). As necessary, sections were incubated with appropriate affinity purified secondary Cy3-conjugated antibodies (1:500; Jackson Immunoresearch) for 1 hour at room temperature, postfixed in 1% PFA for 2 minutes, and mounted with Vectashield plus DAPI or ProLong Gold plus DAPI. Quantification of vascular density was performed as previously described, 40 and morphometry of Sirius red stain or other fluorescent labels was performed as previously reported. 1, [22] [23] [24] In some studies, extravasated Evans blue dye (1%) was detected in whole kidney measuring absorbance. 62 Digital images were captured by confocal microscopy. Sirius red staining or periodic acid-Schiff staining were performed on 3-mm paraffin sections as previously described. 63 Positive cells or area of positive stain/ fluorescence in images were quantified as previously described. 1, 38 
Statistical Analyses
Comparisons of two groups were performed using the t test, whereas several groups were analyzed by one-way ANOVA followed by multiple comparison testing, using GraphPad Prism software. Groups were considered significant if P values were ,0.05. Error bars indicate SEM.
